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Abstract
In this paper, we compare the genetic structure and the historical demography of two populations of the sand smelt Atherina boyeri from the
rivers Tagus and Mondego (Portugal) with two groups of samples of the closely related marine Atherina presbyter collected on the shore at
comparable latitudes. A. presbyter is a pelagic marine inshore fish, while A. boyeri is typically found in coastal lagoons, estuaries and freshwaters
bodies. Analysis of mtDNA control region sequences showed that the marine A. presbyter did not display signs of genetic differentiation between
sites some hundreds of kilometers apart. On the contrary, A. boyeri showed clear differences between populations. The populations of A. boyeri
showed a much lower genetic diversity and younger coalescence times when compared with A. presbyter. We suggest that these differences
reflect the interplay between differences in ecology between the two species and the historical impact of the glaciations. While A. presbyter
likely moved to the south evading the cold periods, A. boyeri probably went extinct and its populations in Western Europe are recent recolo-
nizations from western Mediterranean refugia.
 2006 Elsevier Ltd. All rights reserved.
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Fish species that are closely tied to brackish water ecosys-
tems, at least during a part of their life cycle, may present a ge-
netic structure that is the result of two opposing factors: (1) the
tendency for differentiation among populations due to geo-
graphic isolation, and (2) the homogenizing effects of gene
flow among populations which is a function of each species
dispersal capability (Ward et al., 1994).
Silversides or sand-smelts (family Atherinidae and related
families) are a group of euryhaline marine fish that are also
very common in estuaries and, in several parts of the world
(e.g. Brazil and Mexico), radiated into substantial species
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Portugal.
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doi:10.1016/j.ecss.2006.05.017flocks in freshwater (e.g. Barbour, 1973; Beheregaray and
Sunnucks, 2001; Beheregaray et al., 2002). Bamber and Hen-
derson (1988) and Beheregaray and Sunnucks (2001) hypoth-
esized that the ability of these fish to live in estuaries and
lagoons may have played an important role in their repeated
radiations and invasions of freshwaters.
In the European Atlantic coast the family Atherinidae is rep-
resented by two species of the genus Atherina. Atherina boyeri
(Risso, 1810) is a euryhaline teleost fish which inhabits coastal,
estuarine and inland waters, forming local semi-isolated popu-
lations. Its distribution ranges from the Western Atlantic coast
of Spain to Mauritania and Madeira, being found throughout
the Mediterranean and Black Sea. Some isolated populations
have been reported on the coast of England and the Netherlands
(Quignard and Pras, 1986). Several DNA and protein studies
have detected a high degree of differentiation (e.g. Congiu
et al., 2002; Astolfi et al., 2005), but these studies have focused
mainly on Mediterranean populations, and there is a lack of
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presbyter (Cuvier, 1829) is mainly an inshore marine fish that
only occasionally enters estuaries and coastal lagoons. Its geo-
graphical distribution ranges from the British Isles and southern
North Sea to the Canary Islands, Mauritania and Cape Verde,
and it has also been reported from the Western Mediterranean
Sea (Quignard and Pras, 1986). No DNA studies concerning
A. presbyter populations have been reported so far in the
literature.
The two species are similar in adult size and size at first
maturity (Bamber et al., 1985; Leonardos and Sinis, 2000).
Both species spawn demersal eggs that are attached to vegeta-
tion in very shallow waters. From these, relatively large larvae,
ready to start exogenous feeding, hatch 6.3 mm TL for Athe-
rina boyeri (Russel, 1976) and 6.7e7.5 mm TL for Atherina
presbyter (Bamber et al., 1985). This means that the larval
stage, the one that is more prone to passive dispersal, is likely
very short, although the adults themselves are active swim-
mers in the water column. They both present small size, often
related to short-range dispersal (Munday and Jones, 1998).
One major difference in the ecology of the two species con-
cerns the habitats where they breed and live. A. boyeri may
complete its entire life-cycle in brackish or freshwaters (Leo-
nardos, 2001), and surveys in Mediterranean lagoons have re-
vealed that planktonic larval stages develop within their natal
lagoons, avoiding dispersal by coastal marine currents (Congiu
et al., 2002). It can, however, tolerate high salinities. The ma-
rine A. presbyter completes its entire life-history in the sea.
The fact that the breeding biology of the two species is very
similar, except for the habitats where reproduction and growth
take place, makes this species pair an interesting model to con-
trast the way different environments affect their population
structures. Specifically, it is hypothesized that, for sites sepa-
rated by comparable distances, the marine Atherina presbyter
will present lower genetic differentiation, higher levels of con-
nectivity and larger effective population sizes, when compared
to Atherina boyeri. On the other hand, in the case of A. boyeri,
the habitat discontinuities between rivers and the small area of
the riverine habitat when compared to the coastal one, will fa-
vor reduced migration between populations and hence a higher
level of population differentiation, together with reduced ef-
fective population sizes.
A possible limitation associated with the use of these two
species to access the role of varying habitat fragmentation
on shaping population structure is the likelihood that the two
species were differentially affected by the Pleistocene glacia-
tions. It is widely recognized that the glacial cycles strongly
affected the distributions of temperate organisms (Hewitt,
2001). Warm temperate marine fish were no exception (e.g.
Domingues et al., 2005). Faced with a drop in water tempera-
ture capable of compromising their survival and reproduction,
the two Atherina species may have been affected differently.
While the marine Atherina presbyter may have simply moved
south following the movement of suitable water masses, the
riverine populations of Atherina boyeri may have become ex-
tinct, recolonizing the Portuguese rivers only when conditions
became favorable again after the end of the last glaciation. Thispossibility of differential effects of the glacial cycles on the pop-
ulations of the two species means that, when using these fish to
compare the effects of environmental differences on population
structure, historical factors must also be taken into account.
In this paper, we use sequences of the mitochondrial DNA
control region to test three predictions that stem from the hy-
pothesis presented above on the impact of environmental dif-
ferences on population structure of the two Atherina species:
(1) adjacent populations of the marine Atherina presbyter
will present less genetic differentiation than riverine popula-
tions of Atherina boyeri separated by the same geographical
distance; (2) the effective sizes of A. presbyter populations
are expected to be greater than those of A. boyeri; and (3)
the genetic diversity of A. presbyter populations is predicted
to be higher than that of populations of A. boyeri from similar
latitudes. In doing so, the possible differences in the demo-
graphic history of the two fish are also considered.
2. Materials and methods
Between June 2001 and May 2003, 50 specimens of Athe-
rina presbyter were collected from two sites along the Portu-
guese west coast: Aveiro (40 380N, 08 450W) (n ¼ 24) and
Fonte-da-Telha (38 320N, 09 130W) (n ¼ 26). The same total
number of individuals of Atherina boyeri were collected from
two Portuguese river basins, in flowing freshwater, between
June and July 2003: Mondego (40 070N, 38 380W) (n ¼ 28)
and Tagus (39 060N, 08 320W) (n ¼ 22) (Fig. 1).
Total genomic DNA extraction was performed on fin sam-
ples preserved in 96% ethanol using the protocol of Sambrook
et al. (1989) with some modifications. A fragment from the
mtDNA control region was amplified using the primers de-
scribed in Ostellari et al. (1996): L-pro1 (50-ACTCT CACCC
CTAGC TCCCA AAG-30) and H-DL1 (50-CCTGA AGTAG
GAACC AGATG CCAG-30). The extraction product was
sent to Macrogen (Seoul, Korea) for polymerase chain reaction
(PCR) and sequencing. The conditions for these control region
amplifications were as follows: amplification in a 20 ml vol-
ume containing approximately 20 ng of genomic DNA extract,
0.3 ml Taq DNA polymerase (Sogent F-taq), 2 ml (10 pmol) of
each primer, 3 ml of buffer (supplied by the manufacturer) and
1 ml (2.5 mM) of each dNTP. PCR was performed using the
following profile: an initial denaturing step of 30 at 95 C;
35 cycles of denaturing at 95 C for 1 min, annealing at
58 C for 1 min, and extending at 72 C for 1 min 30 s; a final
extending step of 10 min at 72 C. All sequences were aligned
using Clustal X (Thompson et al., 1997) with default settings.
For both species, relationships among haplotypes were an-
alyzed with a parsimony network estimated with TCS version
1.21 (Clement et al., 2000), which implements the algorithm
of Templeton et al. (1992). Paup* 4.0b (Swofford, 2000)
was used to estimate the uncorrected p-distances between all
sequences.
The Arlequin software package version 3.000 (Excoffier
et al., 2005) was used to compute several indices of genetic di-
versity for each population. The same program was used to ac-
cess the degree of genetic differentiation between conspecific
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Fig. 1. Sampling locations for Atherina presbyter and A. boyeri along the Portuguese coast and in Portuguese rivers.populations, performing a one-factor analysis of molecular
variance (AMOVA; Excoffier et al., 1992) and an exact test
for population differentiation (Raymond and Rousset, 1995).
The possible signature of a glacial reduction in population
size during the Pleistocene followed by recent expansion was
tested by two approaches. (1) The distribution of mismatches
as implemented by Schneider and Excoffier (1999) was ana-
lyzed with Arlequin. As mismatch distributions have been
found to be very conservative (Ramos-Onsins and Rozas,
2002), we also used the Fu’s Fs neutrality test (Fu, 1997). (2)
The program Lamarc (Kuhner et al., 2005) was used to estimate
the effective population size for each population and its immi-
gration rate (M ). These parameters were estimated using two
different models: assuming a constant population size versus
one that assumes that populations changed in size historically.
In this last case, the exponential growth parameter ( g)
was also estimated by the program. All parameters were esti-
mated with 10 replicate runs using 10 short chains of 500
steps each and 2 long chains of 10,000, with a sampling incre-
ment of 20.
3. Results
The 100 sequences obtained have been deposited in
GenBank (accession numbers DQ336715eDQ336814, see
Appendix A).
For Atherina presbyter, a total of 382 bp were amplified,
while for Atherina boyeri we obtained a fragment of 372 bp.
For A. presbyter a total of 36 haplotypes (out of 50 individuals)
were found, while for A. boyeri the total of 50 individuals cor-
responded only to 13 haplotypes. The various genetic diversity
indices are summarized in Table 1. Inspection of this table
clearly supports one of the basic predictions of this paper. All
the indicators of genetic diversity show that the populationsof A. presbyter present higher values than the populations of
A. boyeri.
For Atherina presbyter all the haplotypes were linked in the
Statistical Parsimony Network under the confidence limit of
95% (Templeton et al., 1992) (Fig. 2a). The haplotype inferred
to be the ancestral one was haplotype 14 (outgroup weight
0.1176) (Castelloe and Templeton, 1994) which comprised 6
specimens from Aveiro and 1 from Fonte-da-Telha. For Atherina
boyeri, the corresponding network (Fig. 2b) is dominated by
a ubiquitous ancestral haplotype (outgroup weight 0.370) shared
by 24 individuals (12 from Mondego and 12 from Tagus).
For Atherina presbyter the average uncorrected p-distances
were 0.0197 (SE ¼ 0.0146) and 0.0205 (SE ¼ 0.0101) within
Aveiro and Fonte-da-Telha groups of samples, respectively, and
0.0207 (SE ¼ 0.0119) between them. Atherina boyeri showed
an average uncorrected p-distance of 0.0025 (SE ¼ 0.0019) and
0.0030 (SE ¼ 0.0027) within Mondego and Tagus populations,
respectively, and 0.0031 (SE ¼ 0.0026) between them. The
Table 1
Diversity measures for the populations of Atherina presbyter and A. boyeri. n,
number of individuals; nh, number of haplotypes; S, number of polymorphic
sites; H, gene diversity; p, nucleotide diversity; MSaver, average number of
mutational steps separating any two haplotypes; MSmax, maximum number
of mutational steps separating any two haplotypes
Species
population
Atherina presbyter Atherina boyeri
Aveiro Fonte-da-
Telha
Total Mondego Tagus Total
n 24 26 50 28 22 50
nh 19 22 36 8 9 13
S 35 29 42 7 8 11
H 0.946 0.978 0.968 0.706 0.706 0.726
p 0.020 0.021 0.020 0.003 0.003 0.003
MSaver 7.525 7.818 7.799 0.923 1.113 1.071
MSmax 25 18 25 3 4 5
658 S.M. Francisco et al. / Estuarine, Coastal and Shelf Science 69 (2006) 655e661b
23
1
18
4
5
23
24
12
33
35
36
34
30 32
2725
26
31
28
14
29
17
13
16
15
6
8
22
7
9
10
11
21
19
20
45
41
42
44
43
49
39
38
40
37
4746 48
1 mutation
a
Fig. 2. (a) Statistical parsimony network for 36 control region mtDNA haplotypes of Atherina presbyter in the Portuguese coast. Each haplotype is defined by its
corresponding number (see Appendix A). The haplotype with the highest outgroup probability is displayed as a square, other haplotypes as circles. The size of the
squares or circles is proportional to the haplotype frequency. White symbols are the Fonte-da-Telha haplotypes, grey symbols are the Aveiro haplotypes and dotted
symbols share Fonte-da-Telha and Aveiro haplotypes. (b) Statistical parsimony network for 13 control region mtDNA haplotypes of Atherina boyeri in the two
studied Portuguese rivers. Each haplotype is defined by its corresponding number (see Appendix A). The haplotype with the highest outgroup probability is dis-
played as a square, other haplotypes as circles. The size of the squares or circles is proportional to the haplotype frequency. White symbols are the Tagus hap-
lotypes, grey symbols are the Mondego haplotypes and dotted symbols share Tagus and Mondego haplotypes.contrast of the values of within population’s average uncorrected
p-distances between the two species expresses the same pattern
already shown in Table 1: the populations of A. boyeri show
amuch lower level of genetic diversity than those ofA. presbyter.
AMOVArevealed that only 3.24%of the overall variancewas
due to differences between the two populations ofAtherina pres-
byter and the result was not significant (fixation indexFST ¼ 0.0324, P ¼ 0.0880). The exact test of population differ-
entiation was also non-significant (P ¼ 0.2537). Given these re-
sults, in the subsequent analyses the A. presbyter samples were
pooled together and treated as a single population. For Atherina
boyeri, the AMOVA results revealed that 11.37% of the overall
variance was due to differences between the two populations.
The fixation index FST was 0.1138 (P ¼ 0.0029), suggesting
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exact test of population differentiation was also significant
(P ¼ 0.016).
There are very large discrepancies in estimations of diver-
gence rates for the control region of teleosts. These estimates
are, however, necessary to compute estimates of effective
population size and their changes with time from molecular
data. In the absence of a specific calibration for the control re-
gion of atherinids, we assumed two very distinct rates: 3.6%
and 18.6% divergence per million years, as these rates have
been reported for the mtDNA control region in telelosts (Do-
naldson andWilson (1999) andDomingues et al. (2005), respec-
tively). Despite showing a bimodal distribution (not shown), the
pairwise mismatch distributions of Atherina presbyter were not
significantly different from the sudden expansion model for the
whole studied area (SSD ¼ 0.005, P ¼ 0.827). This outcome
was supported by Fu’s Fs ¼ 18.964 (P < 0.001). Negative
and significant values in this test are indicative of population
expansion (Fu, 1997). For the A. presbyter population, expan-
sion was estimated to have taken place approximately between
78,000 years ago (ya) (95% CI 35,459e113,712 ya) and
402,000 ya (95% CI 183,210e587,515 ya), depending on the
mutation rate assumed and considering that the sand smelt is
reported to attain full maturity in 1 year (Lorenzo and
Pajuelo, 1999). For both Atherina boyeri populations, the
least square procedure to fit mismatch distribution and
observed distribution did not converge after 1800 steps. The
failure to fit a sudden expansion model does not mean, how-
ever, that the populations of A. boyeri have not experienced
a recent historical expansion. Indeed, Fu’s neutrality test
yielded negative and significant values for both populations:
FS ¼ 4.486 (P ¼ 0.001) for Mondego and FS ¼ 5.777
(P < 0.001) for Tagus,
The estimations of female effective population size and
growth parameters for both species, and migration parameters
in the case of the populations of Atherina boyeri are presented
in Table 2. Inspection of this table shows unambiguously that
the effective population size of Atherina presbyter is greater
than the sum of the sizes of the two populations of A. boyeri.
This is true for both themodels assuming growth or stability. Re-
gardless of themutation rate used, the ratio between the effective
population size at the Last Glacial Maximum (LGM, 18,000 ya)
and its current value for A. presbyter was much larger than those
of A. boyeri. This is indicative of a greater stability in the demo-
graphic history of theA. presbyter populationwhen compared to
those of A. boyeri. Population growth rates were also very dis-
tinct, with A. boyeri’s g (exponential growth parameter) being
about 12 times higher. The populations of the two species
show signs of Pleistocene origin, even with the more conserva-
tive mutation rate. Finally, the populations of A. boyeri are very
young, compared to that of A. presbyter.
4. Discussion
The present results support the three predictions presented
above. Atherina presbyter presents a pattern of high level of
gene flow and low degree of differentiation, whereas Atherinaboyeri shows differentiation between the two populations. There
are also large differences at the demographic level, with the ef-
fective size of the A. presbyter population being greater than
those of A. boyeri. Finally, the population of A. presbyter is
also more diverse genetically than the populations of A. boyeri.
The distances and latitudinal differences between collecting
sites were roughly comparable for both species. Their reproduc-
tive biology in terms of adult size, egg size and larval duration, is
very similar. Thus, the differences found must reflect the differ-
ences between the environments where their life-cycles take
place, i.e. the sea for A. presbyter and the riverine and estuarine
habitats for A. boyeri.
Population structure in Atherina boyeri may be generated
by homing of the adults to specific spawning grounds and be
enhanced by larval retention in a particular river system.
Both phenomena will restrict gene flow between populations
promoting their divergence with time. In addition, rivers and
estuaries provide much reduced areas of available habitat
when compared to the sea, thus favoring smaller populations’
sizes. Small population size will add to habitat fragmentation
increasing random drift of alleles, further enhancing the histor-
ical divergence between populations. Astolfi et al. (2005) stud-
ding a large number of lagoon populations of A. boyeri from
Black Sea to Portugal, using a very similar control region frag-
ment, also found an appreciable variation among them. In con-
trast with Atherina boyeri, A. presbyter did not show signs of
differentiation between the studied sites which is consistent
with the ability of this fish to disperse easily along the shore.
Our data suggest, however, that in the case of the two
Atherina species, the consequences of contrasting ecological
settings in the structure of populations may be complicated
Table 2
Demographic parameters of Atherina presbyter and A. boyeri based on Dloop.
Estimates of M (immigration rate), q (theta), Nf (female effective population
size), g (growth rate), N1% (age of population, accessed as the age at which
Nf drops below 1%) and N18Kya/Nnow (ratio between Nf at the LGM and
currently)
Species
population
Atherina
presbyter
Atherina boyeri
Mondego Tagus
M e 364.156
(376.673)
503.878
(SE 259.528)
q (no growth) 0.073
(SE 0.002)
0.005
(SE 0.002)
0.009
(SE 0.003)
Nf (no growth)
(m ¼ 3.6% div)
2016355 127772 240230
(m ¼ 18.6% div) 390262 24730 46496
q (growth) 0.175
(SE 0.011)
0.105
(SE 0.219)
0.046
(SE 0.026)
g 262.944
(SE 15.566)
4098.256
(SE 2674.478)
2538.403
(SE 1025.844)
Nf (growth)
(m ¼ 3.6% div)
4852330 2906805 1284230
(m ¼ 18.6% div) 939161 562607 248561
N1% (m ¼ 3.6% div) (Kya) 972 62 101
(m ¼ 18.6% div) (Kya) 188 12 19
N18Kya/Nnow
(m ¼ 3.6% div) (%)
91.83 26.51 43.93
(m ¼ 18.6% div) (%) 64.39 0.10 1.43
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tion is the apparent contradiction between the existence of
substantial differentiation between populations of Atherina
boyeri and the fact that the most common haplotype is shared
between the two rivers and occurs in a large proportion of fish
in both cases (12 in 22 fish for Tagus and 12 in 28 fish for
Mondego). This finding is consistent with the possibility of
the two populations having a relatively recent origin, both
having derived from a common genetic pool. This interpreta-
tion agrees with the results obtained concerning the historical
demography of these fish. The populations of A. boyeri seem
to have had a less stable history than that of A. presbyter. Their
effective size at the LGM corresponds to a much lower propor-
tion of their current size. Their coalescence times are much
smaller than for A. presbyter. Finally, they show a higher
growth parameter suggesting that a rapid expansion has taken
place after a severe bottleneck.
It is known that at LGM the Portuguese coast was bathed
by sub-polar waters (Alveirinho-Dias et al., 1997), and fish
of the genus Atherina are not found at very cold waters. It is
likely that Atherina presbyter was extinct along the Portuguese
shore, but the population may have simply moved south
recolonizing the area in the current interglacial. On the con-
trary, Atherina boyeri populations in rivers and lagoons likely
went extinct without being able to move freely as temperatures
fell. This would explain the much more recent coalescence
times estimated for A. boyeri, which probably recolonized
the Portuguese rivers after the end of the last cold period
from western Mediterranean refugia. It would also explain
the presence of the same haplotype in a large proportion of
fish in Tagus and Mondego. In their phylogeographic study,
Astolfi et al. (2005) showed that the Atlantic populations of
A. boyeri were less diverse than those of the western Mediter-
ranean, despite the two groups being closely related
phylogenetically.
Although Atherina boyeri is a fish characteristic of lagoons
and rivers, it can tolerate the salinity of fully marine water
(Pombo et al., 2005). Thus, it is likely that, although the ma-
jority of individuals remain in their natal habitat, a small frac-
tion may disperse through the sea eventually reaching adjacent
lagoons or rivers.
The present study highlights a historical dimension in the
way the physical differences between marine and riverine hab-
itats may affect organisms when adverse conditions occur:
while a marine species may shift its range tracking climatic os-
cillations and retaining much of their genetic diversity, that
possibility is not available to organisms that depend on la-
goons and rivers.
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Appendix A
Control region haplotypes, accession numbers, and observed
frequency in each location are listed in Table A.1.
Table A.1
Haplotype Accession number Location
Aveiro Fonte-da-Telha
Atherina presbyter
1 DQ336715 1
2 DQ336716 1
3 DQ336717 1
4 DQ336718 1
5 DQ336719 1
6 DQ336720 1
7 DQ336721eDQ336723 1 2
8 DQ336724 1
9 DQ336725 1
10 DQ336756 1
11 DQ336727 1
12 DQ336728 1
13 DQ336729 1
14 DQ336730eDQ336736 6 1
15 DQ336737 1
16 DQ336738eDQ336739 1 1
17 DQ336740 1
18 DQ336741 1
19 DQ336742 1
20 DQ336743 1
21 DQ336744 1
22 DQ336745 1
23 DQ336746 1
24 DQ336747 1
25 DQ336748 1
26 DQ336749 1
27 DQ336750 1
28 DQ336751 1
29 DQ336752 1
30 DQ336753-DQ336754 1 1
31 DQ336755 1
32 DQ336756 1
33 DQ336757 1
34 DQ336758eDQ336762 1 4
35 DQ336763 1
36 DQ336764 1
Mondego Tagus
Atherina boyeri
37 DQ336765-DQ336767 1 2
38 DQ336768eDQ336778 10 1
39 DQ336779 1
40 DQ336780 1
41 DQ336781eDQ336782 1 1
42 DQ336783 1
43 DC336784 1
44 DQ336785 1
45 DQ336786eDQ336809 12 12
46 DQ336810eDQ336811 2
47 DQ336812 1
48 DQ336813 1
49 DQ336814 1
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